In this work, the identification and characterization of two hexose transporter homologs in the methylotrophic yeast Pichia pastoris, P. pastoris Hxt1 (PpHxt1) and PpHxt2, are described. When expressed in a Saccharomyces cerevisiae hxt-null mutant strain that is unable to take up monosaccharides, either protein restored growth on glucose or fructose. Both PpHXT genes are transcriptionally regulated by glucose. Transcript levels of PpHXT1 are induced by high levels of glucose, whereas transcript levels of PpHXT2 are relatively lower and are fully induced by low levels of glucose. In addition, PpHxt2 plays an important role in glycolysis-dependent fermentative growth, since PpHxt2 is essential for growth on glucose or fructose when respiration is inhibited. Notably, we firstly found that the deletion of PpHXT1, but not PpHXT2, leads to the induced expression of the alcohol oxidase I gene (AOX1) in response to glucose or fructose. We also elucidated that a sharp dropping of the sugar-induced expression level of Aox at a later growth phase is caused mainly by pexophagy, a degradation pathway in methylotrophic yeast. The sugar-inducible AOX1 promoter in an ⌬hxt1 strain may be promising as a host for the expression of heterologous proteins. The functional analysis of these two hexose transporters is the first step in elucidating the mechanisms of sugar metabolism and catabolite repression in P. pastoris.
Pichia pastoris, a methylotrophic yeast, has been developed as a successful expression platform for heterologous proteins. The increasing popularity of this particular expression system can be attributed to several reasons (3, 6) : (i) the easy techniques needed for the molecular genetic manipulation and the simple growth medium or culture conditions required for growth compared with those for mammalian cells; (ii) high levels of protein expression at the intra-or extracellular level; (iii) the ability to perform higher-eukaryotic protein modifications, such as glycosylation, disulfide bond formation, and proteolytic processing; and (iv) the availability of the expression system as a commercially available kit.
In the P. pastoris system, the expression of foreign genes is usually driven by the outstanding promoter of the alcohol oxidase I gene (AOX1), which encodes the first enzyme in the methanol utilization pathway. The expression of Aox can be regulated with both repression and derepression mechanisms responding to different carbon sources. The AOX1 promoter (P AOX1 ) is induced only in response to methanol and repressed by other carbon sources, such as glucose or ethanol (3, 5, 6) . However, the P AOX1 -based platform is not free of drawbacks (12, 23) . The strength of induction of P AOX1 is strictly dependent on methanol as the carbon source. Methanol is derived mainly from petrochemical sources, which is unsuitable for use in the production of certain food products and additives. Methanol metabolism in methylotrophic yeast produces a toxic byproduct, hydrogen peroxide (H 2 O 2 ), which causes oxidative stress and elicits the undesirable proteolytic degradation of some interesting recombinant proteins (15, 49) . In the largescale fermentation industry, methanol is potentially hazardous for its toxicity and flammability. The amount of oxygen required for biomass production on methanol is three to four times higher than the amount needed when the carbon source is glucose (25) , and the expression of foreign genes is negatively affected by oxygen limitation (3) . Also, the large amount of oxygen consumed produces considerable heat, which can increase the temperature in the bioreactor (19) . The need for high oxygen supply and heat removal increases the production costs and causes difficulties in scale-up when heat exchange and oxygen transfer capacities are low.
The strict dependence of P AOX1 on methanol has forced the use of other promoters that do not require methanol for induction. As such, the P. pastoris-derived GAP (46) , ICL1 (26) , FLD1 (35) , PEX8 (20) , TEF1 (1), PGK1 (7) , and YPT1 (34) promoters are available. P FLD1 is an attractive alternative to P AOX1 for the expression of foreign genes in P. pastoris, but besides methanol, it needs methylamine for induction, which is also toxic and flammable. Other promoters have not been as widely used as P AOX1 , mainly because of their low expression levels. Since the goal of most researchers using the P. pastoris expression system is to obtain maximum amounts of recombinant proteins, high levels of promoter function are typically desired. For example, expression levels of ␣-glucuronidase from P YPT1 were about 10-fold lower than those from P GAP in glucose-grown cells and about 80-fold lower than those from P AOX1 in methanol-grown cells (33) . Otherwise, P GAP , P TEF1 , P PGK1 , and P YPT1 are constitutive promoters that allow for the continual transcription of their associated genes without the need for an inducer. When using a constitutive promoter, the time point at which the interesting gene is expressed cannot be controlled. Thus, when a recombinant protein causes toxic or harmful effects on host cells, it cannot be produced highly by high-density culture. An alternative approach is to obtain a mutant host with altered catabolite regulation of P AOX1 for the expression of recombinant proteins in methanol-free medium.
To our knowledge, no report has described P. pastoris mutants defective in catabolite repression. To initiate the study of hexose transporters and their implication in the triggering of catabolite repression in P. pastoris, we screened the P. pastoris genome database (Integrated Genomics, Chicago, IL) for the presence of hexose transporter (Hxt) homologs, which might be involved in catabolite repression. In this work, we present a functional analysis of P. pastoris Hxt1 (PpHxt1) and PpHxt2, the first two hexose transporters identified in P. pastoris, and their involvement in the catabolite repression of P AOX1 .
MATERIALS AND METHODS
Media, strains, and microbial techniques. The strains listed in Table 1 were used in this work. The yeasts were grown with shaking at 30°C in 1% yeast extract and 2% peptone (YP) or in a synthetic yeast nitrogen base (YNB) medium (0.67% Difco yeast nitrogen base; for growth of auxotrophic strains, requisite amino acids were added to a final concentration of 50 g/ml). As a carbon source, 1% glucose, 1% fructose, 1% glycerol, 0.5% methanol or 2% maltose, a mixture of 1% glucose plus 0.5% methanol, or 1% fructose plus 0.5% methanol were added throughout the study, unless indicated otherwise. Escherichia coli strain Top10 (Invitrogen) was used as a host for the construction of plasmids and was grown at 37°C in LB medium (0.5% yeast extract, 1% peptone, 0.5% NaCl). For solid medium, 2% powdered agar was added.
P. pastoris and Saccharomyces cerevisiae were transformed by the electroporation method (4) and the lithium acetate method (16), respectively. Transformation and other standard recombinant DNA operations used in this study for E. coli were performed as described previously (32) . Ampicillin or kanamycin was added to LB medium at a final concentration of 50 g/ml. G418, zeocin, and hygromycin were added to YPD medium at final concentrations of 0.3, 0.1, and 0.75 mg/ml, respectively. The respiration inhibitor antimycin A was added to glucose or fructose medium at a final concentration of 3 g/ml.
Plasmid and strain construction. Plasmids were generated by standard techniques (32) , and the primers and plasmids used for this study are listed in Tables  2 and 3, (i) ⌬hxt1 strain. A P. pastoris strain with the PpHXT1 gene deleted was constructed by the gene replacement method using the G418 resistance gene KAN as a marker. First, the upstream region of the PpHXT1 gene was amplified by PCR using genomic DNA as a template with Pyrobest DNA polymerase (TaKaRa, Japan). The primers for this PCR, HX1U1 and HX1U2, carried restriction sites for EcoRI and BamHI, respectively. The 0.2-kb PCR-amplified fragment was inserted into EcoRI/BamHI-digested plasmid pUC18 (Invitrogen), yielding pHXT1Up. The downstream region of the PpHXT1 gene was amplified with primers HX1D1 and HX1D2, carrying restriction sites for SalI and SphI, respectively. The 0.2-kb DNA fragment was inserted into SalI/SphI-digested pUC18, yielding pHXT1Down. Afterwards, the G418 resistance gene sequence with its own promoter and terminator (1,517 bp) was amplified by PCR using the plasmid pPIC3.5K (Invitrogen) as a template with primers KAN1 and KAN2, which included restriction sites for BamHI and SalI, respectively, and the fragment was cloned into BamHI/SalI-digested vector pHXT1Up to create vector pHXT1Up-KAN. This plasmid was digested with EcoRI and SalI to generate the 1.7-kb DNA fragment, which was then inserted into EcoRI/SalI-digested pHXT1Down, thus yielding a PpHXT1 deletion vector, pUC18-HXT1-del. The deletion cassette was released from pUC18-HXT1-del as a 1.9-kb EcoRI-SphIdigested fragment and transformed by electroporation into wild-type P. pastoris strain GS115. G418 resistance transformants were isolated on YPD medium supplemented with 0.3 mg/ml G418. The correct integration of the deletion cassette into the genome and replacement of the PpHXT1 open reading frame (ORF) in the transformants were confirmed by PCR analysis and further DNA sequencing (data not shown).
(ii) ⌬hxt2 strain. A strain deleted for the PpHXT2 gene was isolated by the gene replacement method in the same way as ⌬hxt1 except using the zeocin resistance gene Sh ble as a marker. The zeocin resistance gene sequence with its own promoter and terminator (1,321 bp) was amplified by PCR using the plasmid pPICZ A (Invitrogen) as a template with primers Zeo1 and Zeo2.
(iii) ⌬atg30 ⌬hxt1 strain. We constructed the ⌬atg30 ⌬hxt1 strain by the deletion of the PpHXT1 gene in P. pastoris strain ⌬atg30 (a gift from S. Subramani and Jean-Claude Farré, University of California, San Diego) (10) . The ⌬atg30 ⌬hxt1 strain was isolated by the gene replacement method in the same way as that used for ⌬hxt1 except using the zeocin resistance gene Sh ble as a marker.
(iv) Construction of strains with fluorescently labeled peroxisomes. Vector pRDM054 (kindly provided by S. Subramani, University of California, San Diego) (45) is an E. coli-P. pastoris shuttle vector capable of expressing a peroxisomally targeted blue fluorescent protein (BFP) (BFP-SKL) under the control of P AOX1 . The vector was linearized in the unique PmeI site in the P AOX1 sequence and transformed into wild-type (WT) GS115 and the ⌬hxt1, ⌬hxt2, and ⌬atg30 ⌬hxt1 strains. The resultant recombinant was screened by hygromycin resistance. Four strains, WT-BFP-SKL, ⌬hxt1-BFP-SKL, ⌬hxt2-BFP-SKL, and ⌬atg30 ⌬hxt1-BFP-SKL, were used for further study.
(v) Construction of GFP expression strains. The GFP-SKL coding sequence was amplified from plasmid pP-GFP (a vector capable of expressing a green fluorescent protein [GFP] under the control of P AOX1 ) (50) using Pyrobest DNA polymerase with primers GFP-SKL-1 and GFP-SKL-2, carrying restriction sites for BamHI and EcoRI, respectively. The PCR product was inserted into BamHI/ EcoRI-digested pPIC3.5k (Invitrogen) to create plasmid pGS (a vector capable of expressing a peroxisomally targeted green fluorescent protein [GFP-SKL] under the control of P AOX1 ). pP-GFP and pGS were then linearized with SalI and transformed into P. pastoris by electroporation. Transformants expressing GFP and GFP-SKL, respectively, were isolated on glucose-containing YNB medium without histidine. The correct integration into the genome was confirmed by PCR analysis and further DNA sequencing, and the single copy of the GFP expression cassette in P. pastoris was selected according to data reported in our previous work (50) .
(vi) Heterologous complementation. Vector pBM2974 (30) with the S. cerevisiae ADH1 promoter was used for gene expression in the yeast S. cerevisiae with URA3 as the auxotrophic selectable marker. For the construction of expression plasmids, the PpHXT1 coding region amplified as a 1.62-kb HindIII/EcoRI fragment with primers CE1 and CE2 and the PpHXT2 coding region amplified as a 1.58-kb HindIII-SacI fragment with primers CE3 and CE4 were ligated into vector pBM2974, resulting in plasmids pZP10 and pZP20, respectively. The expression plasmids (pZP10 and pZP20) and control plasmids pBM3135 and pBM3362, which carry S. cerevisiae SNF3 (ScSNF3) and ScHXT1, respectively (kindly provided by M. Johnston, Washington University) (30) , were used to transform S. cerevisiae hxt-null strain EBY.VW4000 (kindly provided by E. Boles, Düsseldorf University, Germany) (Table 1) , which is unable to grow on hexose (48) , yielding several transformants on medium containing 2% maltose without uracil. These transformants were then tested for growth on glucose or fructose.
Fluorescence microscopy. Fluorescence microscopy was performed essentially as described previously (9, 42) . P. pastoris strains WT-BFP-SKL, ⌬hxt1-BFP-SKL, ⌬hxt2-BFP-SKL, and ⌬atg30 ⌬hxt1-BFP-SKL, transformed with plasmid pRDM054, were pregrown in glycerol medium to log phase and then shifted into YNB medium with methanol, fructose, fructose plus methanol, glucose, or glucose plus methanol for induction, respectively. Ten microliters of culture was visualized by fluorescence microscopy (Olympus bx 51).
Fluorescence microscopy of pexophagy was performed as described previously (28) . Yeast cells were incubated in methanol medium with 4 g/ml FM4-64. The cells were then washed once with sterile water and transferred into fresh glucose or fructose medium at an optical density at 600 nm (OD 600 ) of 1.0 to induce pexophagy.
Cell extract preparation, enzyme assays, and Western blot analysis. To prepare cell extracts, 30 to 50 OD 600 units of cells were harvested by centrifugation at 6,000 ϫ g for 3 min, washed twice with ice-cold 50 mM potassium phosphate buffer (pH 7.0), and then frozen at Ϫ20°C. Cells were thawed and resuspended in 1 ml lysis buffer (50 mM potassium phosphate buffer [pH 7.0], 1 mM phenylmethylsulfonyl fluoride [PMSF]). Aliquots of 1 ml were mixed with 1.8 g glass beads (Biospec Products, Bartlesville, OK) in a 2.0-ml screw-cap tube followed by disruption with a bead disrupter (Mini-BeadBeater-8; Biospec Products) for 8 cycles (1 min vibrating and 1 min resting in ice for each cycle). The lysate was centrifuged at 20,000 ϫ g for 30 min, the pellet was discarded, and the supernatant was utilized for measuring the enzyme activity or Western blotting. The protein concentration was determined with a Bradford protein assay kit (Tiangen Ltd., Shanghai, China).
The Aox activity was assayed spectrophotometrically with peroxidase and 2,2Ј-azino-di-(3-ethylbenzthiazoline sulfonate) (ABTS) as described previously (44) . A unit of alcohol oxidase represents 1 mol of product/min/mg of protein at 30°C. Samples with methanol omitted were run as blanks. The Aox colony assay was performed as previously described (37) .
Total proteins were separated on polyacrylamide gels under denaturing conditions (45) and then transferred onto a polyvinylidene difluoride (PVDF) membrane using the electrophoretic transfer method with rabbit anti-Aox antibody (a RT-PCR was carried out with the Quantscript RT kit (Tiangene, China) according to the manufacturer's instructions. RT-PCR mixtures containing 1 l Quant reverse transcriptase, 2 l oligo(dT)15 (10 M), 2 l 10ϫ RT mix, 2 l deoxynucleoside triphosphates (dNTPs) (2.5 mM each), 11 l RNase-free double-distilled water (ddH 2 O), and 2 g total RNA were incubated at 37°C for 1 h. The cDNA was then subjected to RT-PCR or quantitative real-time PCR using species-specific primers to measure transcript levels.
qRT-PCR was carried out by performing three independent experiments, each in triplicate, with an FTC-200 detector (Funglyn Biotech, Shanghai, China) in 20-l reaction mixtures containing 10 l 2ϫ SYBR green real-time PCR master mix (Toyob, Japan), 1 l cDNA sample, and optimal concentrations of each primer. Transcript levels were normalized to an endogenous reference gene, actin 1 (ACT1), in each sample by the ⌬⌬C T method (21) . The primers for qRT-PCR listed in Table 2 were designed by using Primer Express software (Applied Biosystems, Foster City, CA), with predicted products in the 100-to 300-bp size range.
Quantification of GFP expression by FCM. GFP expression in P. pastoris was analyzed by the flow cytometry (FCM) method (49, 50) . After being diluted to 1 ϫ 10 7 cells/ml with phosphate-buffered saline, 1 ml of sample was analyzed with a 488-nm argon laser on a FACSCalibur apparatus (Becton Dickinson, Franklin Lakes, NJ). The fluorescence values were determined by a geometric mean (Geo-Mean) method.
Nucleotide sequence accession numbers. The nucleotide sequences of PpHXT1 and PpHXT2 reported in this paper have been submitted to the GenBank database with accession numbers GU479989 and GU479990, respectively.
RESULTS
Sequence analysis of two hexose transporters in P. pastoris. The translated protein sequence of the P. pastoris hexose transporter homolog PpHxt1 consists of 537 amino acids, and PpHxt2 has 522 amino acids. Both transporter proteins belong to the major facilitator superfamily (MFS), which includes a variety of transport systems in eukaryotes and in prokaryotes (24) . Phylogenetic analysis revealed that PpHxt1 is a member of the subgroup of hexose transporters that contains all other known yeast hexose transporters. The branch of PpHxt2 belongs to the subgroup of hexose transporters, but the relatedness to other transporters is far lower (Fig. 1) , which implies that PpHxt2 is probably a species-specific transporter and plays a significant role in sugar metabolism in P. pastoris.
PpHxt1 and PpHxt2 proteins are hexose transporters. Due to similarities between the two genes and other hexose transporters, a potential role in the transport of hexoses could be assigned to them. To confirm this hypothesis, we attempted to complement an S. cerevisiae hxt-null mutant strain, EBY.VW4000 (48) , which is unable to grow in the presence of glucose or fructose due to the lack of hexose transporters. The transformants containing the hexose transporter gene PpHXT1, PpHXT2, or ScHXT1 (30) showed growth on glucose or fructose, while those containing an empty vector or the hexose sensor gene ScSNF3 (30) did not show any growth (Fig.  2) . This indicated that either PpHxt1 or PpHxt2 could function as a hexose transporter in P. pastoris. However, the two PpHXT genes complemented the growth defect of this strain to different degrees, with PpHXT1 complementing better and PpHXT2 complementing only very weakly, which might be explained by the distant relatedness of PpHxt2 to the transporters of S. cerevisiae and also implied a special role for PpHxt2 in sugar fermentation in P. pastoris.
Regulation of transcription of the two HXT genes in P. pastoris. To determine whether the expression of the hexose transporter genes is inducible by glucose at the transcriptional level, PCR analysis was performed with total cDNA of P. pastoris wild-type strain GS115 grown in YNB medium with different carbon sources. Both genes were expressed in cells grown on a nonfermentable carbon source (glycerol) or with different levels of glucose (Fig. 3A) . However, PpHXT2 expression was weak, being about 100-fold less than that with fully induced PpHXT1.
FIG. 1. Phylogenetic tree of selected hexose transporter-related
proteins. The tree and bootstrap values were calculated using the neighbor-joining method implemented in MEGA, version 3.1 (18) , based on the alignment of the amino acid sequences using the ClustalX program (38) . Values indicate the number of times (in percentages) that each branch topology was found in 2,000 replicates of a bootstrap analysis, assuming gamma-distributed rates for amino acid substitutions. The distance between branch points shows the relatedness of the sequences. The length of the scale bar is equivalent to 0.1 substitutions of amino acids per site. The branches of PpHxt1 and PpHxt2 are highlighted. Species abbreviations for each protein name are as folTo determine more precisely the dependence of the induction of each HXT gene on the external glucose concentration, we monitored the mRNA levels of the two genes in cells growing with different glucose concentrations by quantitative real-time RT-PCR (qRT-PCR) (Fig. 3B) . Transcript levels of PpHXT2 are fully induced in cells grown on low levels of glucose, ranging from 0.025 to 0.1%, but become 3-to 5-fold repressed when glucose levels are high (above 0.5%). Thus, transcript levels of PpHXT2 are induced at low glucose concentrations and repressed by high levels of glucose. In contrast, transcript levels of PpHXT1 are induced by high levels of glucose and repressed by low glucose concentrations. We also found that transcript levels of PpHXT1 are not greatly different between wild-type and ⌬hxt2 strains, and neither are the PpHXT2 levels between wild-type and ⌬hxt1 strains (data not shown).
Growth characteristics of P. pastoris ⌬hxt1 and ⌬hxt2 mutants. In liquid cultures with different concentrations of glucose, the growth kinetics of the ⌬hxt1 strain did not differ dramatically from that of the wild-type strain. In contrast to the ⌬hxt1 strain, the growth of the ⌬hxt2 strain was impaired significantly in medium with either high (2%) or low (0.1%) concentrations of glucose medium (Fig. 4) . The growth impairment of the ⌬hxt2 strain on fructose medium was also more significant than that of ⌬hxt1 (Fig. 5C) . Interestingly, the final biomass of each Hxt deletion strain at stationary phase was a bit higher than that of the wild-type strain, and this difference was more obvious when strains were grown in medium containing 1% glucose or 1% fructose (Fig. 5A and C) .
Antimycin A is a respiration inhibitor that blocks mitochondrial electron transfer between cytochromes b and c and renders the growth of the yeast cells entirely dependent upon glycolytic ATP synthesis (31) . On solid medium without antimycin A, the ⌬hxt1 and ⌬hxt2 mutants showed no significant difference relative to the wild type (Fig. 6) . When respiration was blocked by antimycin A, the ⌬hxt2 mutant could not grow on glucose or fructose (Fig. 6) .
Thus, the deletion of PpHXT2 has a more significant effect on hexose utilization than does the deletion of PpHXT1. In addition, PpHxt2 is especially important for growth when respiration is inhibited, which implies that PpHxt2 plays an important role in glycolysis-dependent fermentative growth.
Role of PpHXT1 and PpHXT2 in catabolite repression of Aox expression. In P. pastoris, Aox expression is tightly repressed by glucose or fructose, while methanol is absolutely necessary for the high-level induction of this gene (5, 40) . To reveal the role of the two hexose transporters in the catabolite repression of Aox, the ⌬hxt1 mutant and the ⌬hxt2 mutant of P. pastoris were examined for the catabolite repression of Aox in different carbon sources. The wild-type-related strain GS115 was analyzed as a reference. In ⌬hxt1 cells, Aox activity could be detected in a repressible carbon source, i.e., glucose or fructose (Fig. 5) , and the release of Aox repression is more distinct in the mixed carbon source of glucose or fructose plus methanol   FIG. 2 . S. cerevisiae hxt-null strain EBY.VW4000 was transformed with plasmid pZP10 carrying PpHXT1 or pZP20 carrying PpHXT2 and spotted onto YNB agar medium supplemented with the indicated levels of hexose and with the requisite amino acids (leucine, tryptophan, and histidine) and uracil. Plates were incubated at 30°C for 3 days. As a control, the strain was transformed with empty vector pBM2974, pBM3135 carrying the complete ScSNF3 gene, or pBM3362 carrying the complete ScHXT1 gene, respectively.
FIG. 3. Semiquantitative (A) and quantitative (B)
analyses of transcript levels of PpHXT1 and PpHXT2 in response to different carbon substrates. Wild-type strain GS115 was grown overnight in glycerol medium and then incubated in fresh YNB medium containing 1% glycerol or the indicated levels of glucose at 30°C for 3 h. Cells were harvested, and total RNA from each culture was prepared by a standard procedure according to the manual of the Pichia expression kit (Invitrogen). RT-PCR was performed on 2 g total RNA in a 20-l reaction mixture. (A) PCR (25 cycles) was performed on 1 l of the five-times-diluted cDNA template using species-specific primers for ACT1, PpHXT1, or PpHXT2. Control reactions lacking cDNA produced no products. (B) qRT-PCR was performed as described in Materials and Methods. The relative expression level indicated on the y axis (2 Ϫ⌬⌬CT ) for each gene at each glucose concentration was normalized for its expression in glycerol-grown cells.
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on July 9, 2017 by guest http://aem.asm.org/ (Fig. 5B and D) , which also could be confirmed by Western blot detection (Fig. 7) . Normally, in a wild-type strain, Aox activity induced by methanol increases rapidly at the exponential growth phases and then keeps relatively constant for several hours or drops slowly. In ⌬hxt1 cells, although Aox was derepressed in the common repressible carbon source glucose or fructose, the change in the profile of Aox activity was much different from that for the cells induced by methanol. The levels of Aox activity increased rapidly at the early exponential growth phases (from about 10 h to 20 h) but dropped sharply afterwards under all the repressible conditions in ⌬hxt1 cells (Fig.  5 ). This transient loss of catabolite repression in the ⌬hxt1 mutant was not caused by growth retardation since a more obvious growth retardation occurred in the ⌬hxt2 mutant ( Fig.  5A and C) .
In order to confirm that the release of Aox repression in ⌬hxt1 mutants on different carbon sources was taking place at   FIG. 4 . Growth of the wild type and the ⌬hxt1 and ⌬hxt2 mutants of P. pastoris. Strains were grown at 30°C on YNB medium containing 0.1% glucose or 2% glucose. Growth was monitored by measuring the OD 600 at the times indicated. Data are mean values from two independent cultivations. FIG. 5. Growth and catabolite repression of Aox activity in the wild-type, ⌬hxt1, and ⌬hxt2 strains on medium containing glucose (A), glucose plus methanol (B), fructose (C), or fructose plus methanol (D). Cells of each strain were preincubated overnight in glycerol medium and transferred into fresh YNB medium supplemented with the indicated levels (percentages) of carbon sources at an initial OD 600 of 0.03. Aox specific activity was measured in cell extracts prepared as described in Materials and Methods. Biomass optical density and Aox activity represent the means Ϯ standard deviations (SD) of single measurements from two independent cultivations.
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the transcriptional level, we transformed strains with plasmid pRDM054 (a vector capable of expressing a peroxisomally targeted blue fluorescent protein [BFP-SKL] under the control of P AOX1 ). As expected, typical punctate fluorescence (45) could be observed in ⌬hxt1 mutant cells grown on nonmethanol carbon sources, i.e., glucose or fructose, that failed to repress the transcription of the AOX1 promoter (Fig. 8A) , and the cells of neither the ⌬hxt2 mutant nor the wild-type strain grown on fructose, glucose, glucose plus methanol, or fructose plus methanol exhibited fluorescence (data not shown). However, the punctuate fluorescence was transient and could not be observed at a later growth stage (data not shown), which was coincident with the transient Aox activity shown in Fig. 5 . Role of pexophagy in catabolite repression of Aox expression in the ⌬hxt1 strain. Pexophagy, the specific degradation of peroxisomes by autophagy-related pathways, has been best studied with methylotrophic yeasts (11, 17) . P. pastoris cells grown on methanol as a carbon source induce the synthesis of peroxisomes and the enzymes required for methanol metabolism, e.g., Aox. Upon a shift of cultures to other carbon sources such as glucose or fructose, peroxisomal metabolism is no longer required. The peroxisomes become redundant for growth and are subject to degradation by the vacuole through autophagic pathways. This process is called "pexophagy," which occurs selectively toward peroxisomes (11) .
The enzyme Aox is expressed in peroxisomes in P. pastoris. To determine whether the transient derepression of Aox in glucose and fructose in the ⌬hxt1 mutant (Fig. 5) was caused by pexophagy, the GFP protein was expressed under the control of P AOX1 in peroxisomes and the cytoplasm in P. pastoris, respectively. We found that the expression profile of GFP-SKL shown in Fig. 9 was similar to that of Aox shown in Fig. 5 , both of which exhibited a sharp decline after an initial ascent. Interestingly, the protein level of GFP expressed in the cytoplasm (⌬hxt1-GFP) was higher and more persistent than that of GFP targeted to the peroxisomes (⌬hxt1-GFP-SKL) (Fig. 9B to E) , whereas there were not obvious differences between them in methanol medium (Fig. 9A) . Therefore, it is deduced that the sharp dropping of the sugar-induced expression levels of Aox and GFP-SKL in the ⌬hxt1 mutant at a later growth phase is a result of rapid degradation by pexophagy, since both Aox and GFP-SKL are peroxisomal proteins, and the ⌬hxt1 mutant still FIG. 6 . Growth of the wild type and ⌬hxt1 and ⌬hxt2 mutants on glucose (A) or fructose (B) medium containing antimycin A. The three strains, wild-type strain GS115 and the ⌬hxt1 and ⌬hxt2 mutants, were pregrown in glycerol medium to log phase and then diluted to an OD 600 of 0.1, and 10 l of each was spotted onto YNB agar medium containing the indicated levels of hexose without antimycin A (ϪAnt A) (left column, 3 days of growth) or with 3 g/ml antimycin A (ϩAnt A) (right column, 5 days of growth). on July 9, 2017 by guest http://aem.asm.org/ exhibits normal wild-type pexophagy in response to glucose or fructose ( Fig. 8B and C) . When the pexophagy pathway in glucose and fructose is blocked ( Fig. 8B and C) via the knocking out of the PpHXT1 gene in a pexophagy-deficient ⌬atg30 strain (10), the expression level of GFP-SKL remained high for a longer time and was higher than that in an ⌬hxt1 mutant, as expected for fructose medium (Fig. 9B and C) . However, the dropping expression level of the GFP-SKL protein in response to glucose seems to be less affected in the ⌬atg30 ⌬hxt1 strain ( Fig.  9D and E) .
DISCUSSION
In this work, we have identified two hexose transporter homologs, called PpHxt1 and PpHxt2, in the yeast P. pastoris. The predicted 12 transmembrane regions, the comparison of the sequence with various hexose transporters from other organisms as well as functional complementation of an S. cerevisiae hxt-null mutant unable to take up hexose show that the two proteins are members of hexose transporters ( Fig. 1 and 2 ).
The expression of the two hexose transporter genes is induced by glucose (Fig. 3A) . We identified two different patterns of glucose-induced expression (Fig. 3B) . One type of regulation is exhibited by PpHXT1, and its expression is maximally induced only at high levels of glucose. Another type of regulation is exhibited by PpHXT2, and its expression is induced by low levels of glucose and repressed at high concentrations of glucose. The different regulations of the HXT genes may reflect their roles during growth with different glucose concentrations (29) . According to the data described above, PpHxt1 could be a low-affinity glucose transporter, and PpHxt2 could be a high-affinity glucose transporter. Nevertheless, PpHxt2 is responsible for the major transport activity even in high glucose concentrations (Fig. 4) , which is inconsistent with its status as only a high-affinity glucose transporter. However, further studies, such as sugar transport assays with isotope-labeled glucose or fructose, are required to determine their transport capacities.
P. pastoris is known as a Crabtree-negative species, metabolizing sugars preferentially through the respiratory circuit, which is a major reason for the easy growth to a high cell density, while S. cerevisiae, which is Crabtree positive, ferments sugars to ethanol even in the presence of oxygen (8, 43) . Thus, if respiration was inhibited in P. pastoris, the growth of the yeast will be entirely dependent upon glycolytic ATP synthesis, and the uptake of sugar will be forced to increase since fermenting cells demand high sugar flux to obtain sufficient energy from that relatively inefficient glycolytic metabolism. In this study, it was found that a PpHXT2 deficiency leads to severe growth impairment with either a high or low concentration of hexose in the presence of antimycin A (Fig. 6) , which substantially inhibits respiration by blocking electron transfer between cytochromes b and c. Similar results were reported for the hexose transporter Rag1 in Kluyveromyces lactis (13) , but ⌬rag1 cells are unable to grow only at high concentrations of glucose when respiration is blocked by antimycin A, which is in accordance with its role as a low-affinity transporter. Therefore, our findings suggest that PpHxt2 is essential for sugar uptake no matter how high the glucose concentration is. It seems to be a powerful transporter with an extremely strong transport capability in P. pastoris. Without it, P. pastoris cannot transport enough sugar and get enough ATP by the glycolytic pathway to support growth. To our knowledge, PpHXT2 is the first hexose transporter gene required specifically for both low and high concentrations of glucose uptake. Remarkably, the deletion of the PpHXT1 gene leads to glucose-or fructose-induced Aox expression in P. pastoris. However, the induced level is sharply reduced at a later growth phase (Fig.  5) , whereas the methanol-induced Aox is normally more persistent. FIG. 9 . Flow cytometry analysis of GFP expression levels in the cytoplasm (GFP) and peroxisomes (GFP-SKL) based on P AOX1 in ⌬hxt1 and ⌬atg30 ⌬hxt1 strains on medium containing methanol (A), fructose (B), fructose plus methanol (C), glucose (D), or glucose plus methanol (E). Cells of each strain were preincubated overnight in glycerol medium and transferred into fresh YNB medium supplemented with the indicated carbon sources at an initial OD 600 of 0.03. GFP fluorescence intensity was measured as described in Materials and Methods. Data are mean values from two independent cultivations.
The release of Aox repression in the ⌬hxt1 strain is controlled at the transcriptional level, which is demonstrated by expressing BFP and GFP under the control of P AOX1 in sugar medium ( Fig. 5A and 9 ). We also showed that pexophagy is responsible for the reduction of the protein levels of Aox and GFP-SKL expressed in peroxisomes via the knocking out of the PpHXT1 gene in a pexophagy-deficient strain, the ⌬atg30 strain. These observations suggest that PpHxt1 is probably involved in AOX1 repression directly rather than just as a sugar carrier. However, the mechanism of the signal transduction system that turns on the derepression of AOX1 in an ⌬hxt1 mutant remains to be elucidated. The release of AOX1 repression is more distinct in a mixed carbon source containing methanol ( Fig. 5B and D) , suggesting that the methanol-specific induction of the gene is still more efficient than sugar-specific induction in an ⌬hxt1 strain.
The derepression of the ⌬hxt1 strain in glucose and fructose provides a possibility for its further exploitation as a host for the P AOX1 -based sugar-inducible expression of heterologous proteins, as demonstrated in this work with BFP-SKL, GFP, or GFP-SKL. Although the expression level of GFP in sugargrown cells was lower than that in methanol-grown cells (Fig.  9) , some solutions to this problem to cover this shortage could be devised, such as the construction of a stronger P AOX1 mutant to improve yields (14, 50) or the application and understanding of the mechanism of methanol induction to optimize the host. Such an expression system would solve the large-scale fermentation problems encountered by conventional production methods with methanol and provide a strain permitting the inducible, efficient expression of heterologous proteins based on P AOX1 in methanol-free or sugar media.
Several fermentation strategies have been investigated in order to find an efficient approach for the production of heterologous proteins by P. pastoris (22, 39, 47) . The use of methanol as the sole carbon source produces a high yield of product protein, but the slower growth rate and lower cell yield on methanol limit productivity (2). Growth on glycerol or glucose alone allows high cell growth rates, but the expression of the foreign gene could not be induced. At present, the most common fermentation strategy for recombinant protein expression in P. pastoris is the two-stage feeding method. Cell biomass is quickly generated during growth on glycerol. Once glycerol is depleted, the common strategy is to initiate the production phase by feeding methanol only. Another mixed-feeding fermentation strategy that involves feeding glycerol and/or sorbitol (at limiting rates) and methanol simultaneously during the production phase is also widely used. The latter fermentation strategy takes advantage of the simultaneous utilization of these substrates to provide sufficient energy and carbon sources while inducing the expression of the recombinant protein (47) . However, with this strategy, the levels of residual glycerol and/or sorbitol should be strictly controlled to avoid the repression of P AOX1 . In our study, the PpHXT1 deletion strain could also induce the transcription of P AOX1 in medium containing both methanol and hexose (glucose or fructose), in which the growth rate is faster and can produce more cell yield and energy than in medium containing methanol only (2) . Therefore, a heterologous protein can be produced effectively in the ⌬hxt1 strain by this novel mixed-feeding mode and is not inhibited by the residue of hexose in the medium during the production phase, which is important for fermentation engineering due to the more convenient and robust feeding control.
In conclusion, two genes that encode hexose transporters were identified and characterized in P. pastoris, whose expressions are regulated by the concentration of glucose. It was demonstrated that PpHxt2 plays an important role in hexose uptake since it is essential for normal growth in glucose or fructose and is especially important for growth on these hexoses when respiration is inhibited. We also discovered that the deletion of PpHXT1 leads to a fructose-and glucose-mediated induction of the AOX1 promoter in P. pastoris. Considering the advantages of P. pastoris in the recombinant protein production industry, more knowledge of the molecular mechanisms of catabolite regulation and sugar metabolism in P. pastoris should be exploited further.
